Phospholipases A 2 inhibitors (PLIs) produced by venomous and non-venomous snakes play essential role in this resistance. These endogenous inhibitors may be classified by their fold in PLI␣, PLI␤ and PLI␥. Phospholipases A 2 (PLA 2 s) develop myonecrosis in snake envenomation, a consequence that is not efficiently neutralized by antivenom treatment. This work aimed to identify and characterize two PLIs from Amazonian snake species, Bothrops atrox and Micrurus lemniscatus. Liver tissues RNA of specimens from each species were isolated and amplified by RT-PCR using PCR primers based on known PLI␥ gene sequences, followed by cloning and sequencing of amplified fragments. Sequence similarity studies showed elevated identity with inhibitor PLI␥ gene sequences from other snake species. Molecular models of translated inhibitors' gene sequences resemble canonical three finger fold from PLI␥ and support the hypothesis that the decapeptide (residues 107-116) may be responsible for PLA 2 inhibition. Structural studies and action mechanism of these PLIs may provide necessary information to evaluate their potential as antivenom or as complement of the current ophidian accident treatment.
Introduction
Snake venom cause physiological disorder in their prey or bitten victims. The disturbances are mainly related to the action of toxins that possess affinity to receptors or ion channels and of enzymes with catalytic activity, which promote homeostatic deviation of the central and peripheral nervous systems, and cardiovascular, neuromotor, and blood coagulation systems. Furthermore, tissue necrosis around the bite, mainly common in Bothrops accidents, may result in permanent sequelae [1, 2] .
Molecular structures with inhibitory activities of phospholipase A 2 and metalloproteinase are also known to be found in snakes. These molecules are related to the self-envenoming prevention mechanism [6] . Besides snakes, other animals, mammals, fish and some invertebrates have been studied for natural resistance against snake venoms [7] , fungi and bacteria [8] .
PLA 2 inhibitors (PLIs) isolated from snake blood may present differences among different snake species PLIs [9] . These molecules are oligomeric, globular, acidic glycoproteins with molecular mass between 75 and 180 kDa. The mechanism of action of secreted PLA 2 inhibitors is through the formation of a soluble complex between the inhibitor and the target enzyme [10] . These inhibitors are classified into three groups, ␣, ␤ and ␥, based on their structural characteristics and may be present in a single snake, whether poisonous or not [11] . Inhibitors from the three groups have been isolated from diverse snake species and families [10, 12] .
The PLI␥s possess the highest inhibitory action among the three groups [13] . They have inhibitory activities on acidic and basic group II as well as on those of group III PLA 2 s [14] and are acidic glycoproteins oligomeric, with molecular weights of each monomer between 20 and 31 kDa. The PLI␥s have been classified into two subgroups, PLI␥ I and II, according to their amino acid sequence, biochemical characteristics and inhibition profile. Members of the PLI␥ I subgroup have a heteromeric composition and two subunits (A and B) with less than 33% identity to each other and inhibit groups I, II, and III PLA 2 s. Members of the PLI␥ II subgroup preferentially inhibits those PLA 2 s of group II and are constituted of a single subunit [7, 13, 15, 16] . However, recently the possibility of a second subunit in a PLI␥ II from Crotalus durissus terrificus has been raised [17] .
PLIs are interesting candidates for designing drugs or even as a tool in envenoming treatment, since they inhibit PLA 2 activity and consequently many of the important symptoms of snakebite accidents [13, 18] . Furthermore, the study of PLA 2 inhibitors is a critical area of research because of the pharmacological potential of these components in the treatment of inflammation and as a tool to investigate the role of PLA 2 s in physiological functions of cell death and injury [19] . In recent years, synthetic derived peptides from PLI␥s were showed to have therapeutic potential in PLA 2 -related diseases and as antivenom-like bioactive molecules for snake venom neutralization [20, 21] .
In this study, we performed molecular cloning of PLI␥s of the Amazonian occurring snake species, Bothrops atrox and Micrurus lemninscatus, and build in silico models of their structures.
Material and methods

Ethical compliance
This study was approved by the Council of Management of Genetic Patrimony (Conselho de Gestão do Patrimônio Genético) by reviews from CNPq number 010627/2011 and from IBAMA number 27131-1. Snakes specimens required for this study were donated by the wildlife rescue team of the Santo Antônio Hydroelectric Plant project.
Extraction of RNA
RNA-later
® solution (Thermo Fisher Scientific) were added to the dissected liver tissues from the snake specimens and stored in liquid nitrogen at the Oswaldo Cruz Foundation − FIOCRUZRondônia facilities until use. RNA was isolated from 200 mg of frozen liver tissue homogenized in liquid nitrogen using the TRIzol ® Plus RNA Purification Kit (Thermo Fisher Scientific), according Table 1 Oligonucleotide primers sequences used for the amplification of B. atrox.
to the manufacturer's protocols. The purified RNA samples were stored at −80 • C until use.
Cloning of the PLA 2 inhibitor genes and sequencing
Oligonucleotide primers (Table 1) for the polymerase chain reaction (PCR) were designed based on known sequences of PLA 2 genes, corresponding to ␥ type inhibitors and deposited at NCBI (The National Center for Biotechnology Information) GenBank (AB462512, AF211168, AF211166, AF211165, AF211163, AJ249829, AB021425, AB559509, EU155177, EU155169 e AB003472). First stranded cDNA was synthesized from the purified RNAs of the snake specimens liver tissues using the Super Script ® III First-strand Synthesis System (Thermo Fisher Scientific) and the kit's oligo(dT) primer. The PLI genes were subsequently amplified using the "pool" of PLI␥ designed primers ( 
Alignment and phylogenetic analysis
Different PLI␥ were obtained from NCBI GenBank database using BLASTP algorithm [22] and BLOSUM62 substitution matrix, with B. atrox PLI sequence as query. The minimum e-value presented by the selected sequences was 1e-74 . Multiple sequence alignment was executed using the online program Muscle [23] and phylogenetic tree was build based on the Bayesian method Monte Carlo-Markov chain (MCMC) using the program MrBayes 3.2.6 [24] . Two concurrent MCMC runs of 500,000 generations were performed using four progressively heated chains with a heating parameter of 0.2, tree sampling every 100 generations and a burn-in setting of 250 trees. After, the phylogenetic tree was visualized using Mesquite v. 3.04 program [25] .
Structural modelling and comparison
The deduced PLI amino acid sequences excluding peptide signal were used to generate structural models for both PLIs using Phyre 2 [26] based on Domains II and III of the models of Urokinase plasminogen activator surface receptor (uPAR) from Mus musculus (PDB id/chain: 3LAQ/V) [27] and from Homo sapiens (PDB id/chain: 1YWH/A) [28] . Since identity difference among isoforms were less than 1%, only one sequence of each snake PLIs were modeled: B. atrox (At.PLI2) and M. lemniscatus models (mi.PLI1). More than 94% of residues were modeled with confidence higher than 90% based on template homologous proteins (100% chance). The other 10% of the residues are located in C-terminal region, last 9 and 7 residues from B. atrox and M. lemniscatus models, respectively, and were modeled by ab initio. Table 1 . 100 bp, size markers.
The PLI␥ models were submitted to molecular dynamic (MD) simulations using the program GROMACS (Groningen Machine for Chemical Simulation) v.5.0.5 [29, 30] with GROMOS 96 54A7 force field [31] . The protein charged groups used were the correspondent of pH 7. The MD simulations were executed in the presence of explicit water molecules neutralized by addition of counter ions, in a periodic truncated cubic box, under constant temperature (298 K) and pressure (1.0 bar) held by coupling to an isotropic pressure and external heat bath [32, 33] . In the cubic box, 5% of the water molecules were replaced by positive ions, Na + , and negative ions, Cl − , in equal amounts. The MD simulations were run with energy minimization using the steepest descent algorithm, followed by 2 ns of restrained protein position and by 100 ns of unrestrained protein position. The optimized PLI in silico models from B. atrox and from M. lemniscatus were further selected evaluating the stability in MD by average root mean square deviation (RMSD)/time graph of the protein backbone atoms and by overall stereochemical and energy quality in RAMPAGE [34] and ProSA-web [35] , respectively.
The final models obtained after MD were analyzed in VMD [36] . The structural comparison were evaluated with RMSDs calculated using short fragment clustering by GESAMP (General Efficient Structural Alignment of Macromolecular Targets) approach [37] . Similar fold was evaluated by TM-Score generated by TM-align algorithm [38] and by PDBeFold [39] . The model residues accessible solvent area was calculated by AREAIMOL available in CCP4 suite [40] . The figures and surface illustrations were generated in CHIMERA [41] and Pymol (The PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC.).
Results and discussion
Using oligonucleotides primers based on sequences of ␥ type phospholipase A 2 inhibitors from several families of snakes deposited at NCBI GenBank and RNA extracted from the liver tissue of specimens of the snakes B. atrox and M. lemniscatus, we obtained by RT-PCR fragments of approximately 600 base pairs (Fig. 1) . These fragments were cloned in the vector pGEM ® -T Easy (Promega Co, Madison, WI), resulting in 5 clones for B. atrox and 8 clones for M. lemniscatus (Fig. 2) , from which nucleotide sequences were obtained. Two consensus sequences were obtained from B. atrox and named At.PLI1 and At.PLI2 and two from M. lemniscatus, Mi.PLI1 and Mi.PLI2. We analyzed separately the sequences of each snake species as these are different at family level, Viperidae and Elapidae, respectively. By the sequence alignment, it was observed that the nucleotide sequences of At.PLI1 and 2 are similar to those from B. moojeni and B. jararacussu [42] , B. alternatus [43] , Lachesis muta [16] , with 98% identity (Table 2) . One sequence from each species with identity higher than 90% and an E-value of 0.0 was selected for analysis. The search data for homologous sequence segments (Score) show that the sequence of one PLI␥ found in B. moojeni is the most similar to those obtained in this study (Table 2) . Multiple nucleotide alignment confirmed the similarity between sequences. Deduced amino acid sequences were obtained using the program ORF Finder.
These data were used for a similarity search in the GenBank database and conserved domains were investigated using BLASTp. As shown in Fig. 3A , At.PLI1 and At.PLI2 amino acid sequences show homology to the PLI␥s'three-finger fold, which are also present in urokinase-type plasminogen activator receptors (u-PAR) and in cell surface antigensfrom the superfamily Ly-6 and CD59 (Fig. 3) . These results corroborate previous work with a PLA 2 inhibitor of Naja naja kaouthia [44] . Furthermore theoretical physico-chemical parameters of the PLI PLI of B. atrox (At.PLI1 and At.PLI2) were determined using PROTParam (isoelectric point and molecular mass) and compared to the same parameters of PLI␥s of other snakes species. As shown in Table 3 , close similarities exist between the B. atrox PLIs and the listed PLI␥s.
The Mi.PLI1 and 2 sequences present divergence as to the inhibitor class in the search for similarity. Interestingly, the five sequences that presented the highest identities (89-91%) were inhibitors recorded in Genbank as PLI␣ and only two showed similarities with the ␥-type (Table 4 ). The deduced translation of the nucleotide cracks was used for the multiple alignment and conserved domain search, according to the methodology described for B. atrox. Again, the similarity search resulted in PLI sequences of ␣ and ␥ types (Table 5) . Therefore, the PLI␥ sequences of Brazilian snakes that presented the lowest identity (65-68%) were included in the analyses.
The search for conserved domains showed that Mi.PLI1 and Mi.PLI2 possess repeated cysteine residues in the three-finger fold (PLI␥) and not those of carbohydrate recognition (CRD) of Ca 2 +-dependent lectins (CTLD family) characteristic of PLI␣. Similar sequences recorded as PLI␣ were analyzed and also showed similarities with PLI␥ domains.
Thus, At.PLI1 and 2, Mi.PLI1 and 2, as well as the crotoxin neutralizing factor (CNF), the most well-studied PLI␥ isolated from C. d. (Table 6 ). In contrast, PLI␣s are orthologous to lung surfactant protein D, which presents a carbohydrate recognition domain [43, 46] . Interestingly, these sequences from Elapidae snakes previously deposited as PLI␣s in NCBI (GIs: 6685092, 6685094, 5931772, 6685090) present similar e-values to plasminogen activator factor suggesting that these sequences are in fact PLI␥s. Furthermore, these Elapidae sequences show an E-value around e-39 for the plasminogen activator factor domain observed in CNF, as seen in PFAM software [47] .
Phylogenetic tree using these sequences from Elapidae, At.PLI1 and At.PLI2, Mi.PLI1 and 2 and all other PLI␥s available on NCBI databank shows that Elapidae sequences nest in a clade with PLI␥s from non-venomous Colubridae snakes (Fig. 3B) . Interestingly, sequences from venomous Viperidae family also nest in a clade with sequences from snakes from a non-venomous family (Phytonidae) (Fig. 3B) . Amino acid sequences alignment of these sequences shows well conserved regions in all PLI␥s (Fig. 3A) .
The similarities of the transcripts to GenBank were verified in the multiple alignment, and conserved domain regions were identified. It was observed that there is similarity between the recorded sequences, such as PLI␣s and PLI␥s. Moreover, it is noted that Elapidae sequences possess well-conserved regions different from those of Bothrops. In some of these places, Mi.PLI sequences are similar only to Micrurus, and in others to Bothrops (Fig. 3) . Finally, a sequence of the B. jararacussu CTLD chosen randomly from Genbank was aligned to Mi.PLI and there was no similarity. The sequences that are recorded in Genbank as PLI␣s (Table 5 ) may possibly be those referred to as Elapidae PLI␥s in Table 3 , since there are no publications of PLI␣s in these species yet. The studies about PLI␥ in Table 5 were published [40, 46] . PLIs were modeled using domains 2 and 3 of mammalian uPARs templates and were submitted to 100 ns classical MD. Models were stabilized within the first 20 ns with a RMSD of 5 Å. At.PLI2 (m.At.PLI2) and Mi.PLI1 (m.Mi.PLI1) models have 94.4% and 92.2% of residues in favored and allowed regions and Z-score of −4.48 and −5.08, respectively, whose values are within expected crystallographic structures of similar protein size.
M.At.PLI2 and m.i.PLI1 kept initial fold after molecular dynamics stabilization as shown by a low RMSD deviation of approximately 6 Å. This fold is also seen in uPAR as confirmed by T-scores above 0.6 when in silico models are compared to the uPARs modeling templates (Fig. 4A 1 , B 1 and C) . This feature is confirmed when comparing the studied models to all available structures in the protein databank by PDBeFold, where uPARs are top in the list with Z-scores between 4 and 5. As a matter of fact, uPAR is an extracellular protein containing 283 residues divided into three domains (approximate 90 residues each) that adopt a three-finger fold and that are classified as Ly-6/uPAR/␣-neurotoxin protein domain family [27, 28] . M.At.PLI2 and m.Mi.PLI1 homology to uPAR confirms them as PLI␥s, as these inhibitors are composed of two structural units of highly conserved tandem repeats of half cysteines known as three-finger motifs.
M.At.PLI2 and m.Mi.PLI1 comparison confirms conservation of the fold with some local differences already expected for proteins from different snake families (Fig. 4A 2 and B 2 ) , with a superposition RMSD of 2.3 Å (75% of matching residues) and T-score of 0.54. ␤-sheets and disulphide bridges (yellow sticks in Fig. 4A 2 and B 2 ) are the most similar regions in the studied PLIs (coloured in blue in Fig. 4A 2 and B 2 ) ; on the other hand, extremities of ␤-sheets, loops and in more exposed regions of models were coloured whiter as they deviates more than bluish regions. Few regions coloured in red were excluded by superimposition algorithm since that they present high structural deviation. Despite of the few structural studies on snake PLIs structures available, CNF is one of the most studied PLI␥ and its in silico structure has been modelled [17] . The superposition of m.At.PLI2 and m.Mi.PLI1 with the in silico model of CNF [17] generated RMSD of 2.7 and 2.9 Å from matching 85 and 73% of residues, respectively (Fig. 4D ). PLI␥ were described as possessing high-order quaternary structure, such as trimers [49] or tetramers [17] , and m.At.PLIs and m.Mi.PLIs have similar tertiary • rotation in the horizontal axis in relationship to A2, B2 and D. Molecules in A1, B1 and C were generated in Chimera and were colored according to Homo sapiens uPAR domains: D1 (yellow), D2 (cyan) and D3 (purple); moreover the PLI decapeptide, the putative PLA2s interaction site, is colored in green and is correspondent to the end of uPAR D2. Molecules in A2, B2 and D were generated in Pymol and were colored based on distance generated by superimposition in a range of 2.5 Å in white to 0 Å in blue, whereas the red are residues excluded in superimposition. While the distances in AtPLI2 in A2 and MiPLI1 in B2 were calculated using only these two models, CNF distances in D were calculated by the mean of the distances with both previous models. The in silico PLI models shares conservancy of ␤-sheets (bluish) and disulfide bridges (yellow sticks in A2, B2, and D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Score and e-values were obtained by HHPred software [45] . The sequences marked with * were previously noted as alpha phospholipases A2 inhibitors. At.PLI2 and Mi.PLI1 were described in this work. CNF is Crotalus neutralization factor, a ␥ PLI from Crotalus durissus terrificus (GI: 45477157). The PLIs from Oxyuranus scutellatus, Oxyuranus microlepidotus, Nothechis scutatus, Notechis ater and Pseudonaja textilis were found on NCBI database with the following GI codes: 6685092, 6685094, 5931772, 6685090.
structures to CNF. Therefore, this probably indicates the studied proteins arrange in higher quaternary structure. The structural similarities and differences in studied PLIs models are also seen in CNF in silico model (Fig. 4D ). Snake PLA 2 s and PLI share a high variability in sequences, which, in the case of the inhibitors, could be important to efficiently neutralize different PLA 2 . Although, a specific region from residue 107-116 is conserved among different PLI␥s (Fig. 3 in red box, different numbering is due to the absence of signal peptide in alignment). The synthetic decapeptide, called P-PB.III, based on the non venomous snake Python reticulatus PLI␥ sequence ( 107 PGLPLSLQNG 116 ) was shown to recognize different PLA 2 s and inhibit their catalytic activity [50] . Similarly to P-PB.III, At.PLI and Mi.PLI sequences possess the decapeptides 107 PGLPLSRPNG 116 and 107 PGLPLSHPNG 116 , respectively, which differs only by two substitutions, in the positions 112 and 113. This decapeptide in m.At.PLI2 and m.Mi.PLI1 are exposed to the solvent for both proteins with no secondary structure (Fig. 4A 1 and B 1 in green) , with exception of the last three residues in m.Mi.PLI1 which presents ␤-sheet conformation. The sum of accessible solvent area for this decapeptide in At.PLI1 and Mi.PLI1 model are approximately 620 and 680 Å 2 , respectively. Despite similar exposed areas and sequence conservation, the different decapeptides possess different conformations, as its RMSD of m.At.PLI2 and m.Mi.PLI1 is 3.9 Å. Comparing to CNF decapeptide, m.At.PLI2 shares more similarities than m.Mi.PLI1, as their RMSD is 2.7 and 3.6 Å, respectively. The PLI␥ broad inhibiting spectrum by different snake venom PLA 2 s [50] [51] [52] [53] may be related to the conservation of decapeptide sequence together with its solvent exposition and loop flexibility. Thus, such observations strength the hypothesis that the decapeptide (107-116) may participate in PLA 2 s interaction and eventual inhibition.
Conclusion
The methodology applied to the amplification of the liver tissue genetic material from the snakes B. atrox and M. lemniscatus showed to be efficient in identifying the phospholipase A 2 inhibitor transcripts.
The presence of ␥ class inhibitors was proven for the species B. atrox, which presented elevated similarity to other sequences characterized as such. The sequences from M. lemniscatus presented particular characteristics of similarity with other elapid or bothropic snakes at preserved sites. However, the presence of a three-finger fold specific to the PLI␥ group and the absence of a CRD domain specific to PLI␣s in the in silico models, among their similar tertiary structure to CNF, suggest that the studied inhibitors are PLI␥. The conservation of the primary structure of decapeptide among different PLIs, which was hypothesized to be the responsible region for PLA 2 s inhibition, is not followed by conservation of tertiary structure seen in the in silico evaluated models and this high deviation may be related to the PLI␥ broad inhibiting spectrum of different snake venom PLA 2 s.
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